In eukaryotic cells, pre-messenger RNAs (pre-mRNAs) must be fully processed and packaged into mature messenger ribonucleoparticles (mRNPs) before export to the cytoplasm as fully translatable mRNAs. Intranuclear RNA processing steps, such as 5Ј-capping, splicing, 3Ј-end cleavage, and polyadenylation, are accomplished through the association of numerous RNA-binding proteins (RBPs) such as serine/arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) with the pre-mRNA (for review, see Dreyfuss et al. 2002; Lei and Silver 2002b; Reed and Hurt 2002) . Many RBPs that participate in RNA processing and export contain a variety of posttranslational modifications such as phosphorylation and methylation. The dynamic interactions between RBPs and pre-mRNAs suggest that their binding to and dissociation from RNAs and other proteins may be regulated by these posttranslational modifications.
In eukaryotic cells, pre-messenger RNAs (pre-mRNAs) must be fully processed and packaged into mature messenger ribonucleoparticles (mRNPs) before export to the cytoplasm as fully translatable mRNAs. Intranuclear RNA processing steps, such as 5Ј-capping, splicing, 3Ј-end cleavage, and polyadenylation, are accomplished through the association of numerous RNA-binding proteins (RBPs) such as serine/arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) with the pre-mRNA (for review, see Dreyfuss et al. 2002; Lei and Silver 2002b; Reed and Hurt 2002) . Many RBPs that participate in RNA processing and export contain a variety of posttranslational modifications such as phosphorylation and methylation. The dynamic interactions between RBPs and pre-mRNAs suggest that their binding to and dissociation from RNAs and other proteins may be regulated by these posttranslational modifications.
One type of posttranslational modification commonly found in RNA-binding proteins is the methylation of arginine residues, usually in the context of arginine-and glycine-rich motifs (for review, see Gary and Clarke 1998) . The enzymes that catalyze this process are called protein arginine methyltransferase, or PRMTs. hnRNPs are a major substrate of PRMT1 in yeast and mammalian cells. Methylated hnRNPs contain at least one N-terminal RRM-type (RNA recognition motif) RNA-binding motif in conjunction with RGG-rich (arginine-glycineglycine) repeats, the sites of arginine methylation, in the C-terminal domains (Liu and Dreyfuss 1995) .
Recent studies have shown that arginine methylation is important for modulating protein-protein interactions. For example, loss of arginine methylation on the STAT1 protein inhibits association with its inhibitor PIAS, resulting in decreased interferon responses mediated by STAT1 (Mowen et al. 2001) . Methylation of the Src kinase substrate Sam68 has been shown to change its affinity for SH3-containing proteins, resulting in alteration of its function (Bedford et al. 2000) . In addition, arginine methylation of the transcriptional elongation factor Spt5 regulates its interaction with RNA polymerase (Pol) II, thereby globally affecting transcription (Kwak et al. 2003) . However, the precise role of methylation of the many RBPs remains unclear.
In Saccharomyces cerevisiae, Hmt1 (also termed RMT1) has been previously identified as the major type I arginine methyltransferase and is functionally equivalent to the mammalian PRMT1 (Gary et al. 1996; Henry and Silver 1996; Gary and Clarke 1998) . Hmt1 has been shown to be important for nuclear transport of the hnRNPs Nab2, Hrp1, and Npl3 (Shen et al. 1998; McBride et al. 2000; Green et al. 2002) . Nab2, found in a complex with Hrp1, controls mRNA poly(A) tail length and its in vivo methylation state is dependent on the presence of Hmt1 (Gavin et al. 2002; Green et al. 2002; Hector et al. 2002; Ho et al. 2002) . Hrp1, also an in vitro substrate of Hmt1 (Shen et al. 1998) , is a component of the cleavage factor I (CFI) that is involved in 3Ј-end premRNA processing (Kessler et al. 1997; Gross and Moore 2001 ). Npl3, a major SR-like RNA-binding protein important for mRNA export (Bossie and Silver 1992; Kadowaki et al. 1994) , is methylated on its RGG repeats by Hmt1 and also phosphorylated by the SR protein kinase Sky1 (Henry and Silver 1996; Siebel and Guthrie 1996; Gilbert et al. 2001) . The observation that Sky1 localizes to the cytoplasm whereas Hmt1 is predominately nuclear suggests that the regulation of import and export of substrate proteins may be determined by the "opposing effects" of methylation and phosphorylation (Siebel et al. 1999; Yun and Fu 2000) .
Given that several pre-mRNA processing factors and components of the transcriptional machinery are substrates of arginine methyltransferases, arginine methylation may play a role in coordinating the cotranscriptional assembly of the mRNP. Several lines of evidence for the coupling of splicing and transcription include the removal of the spliced 5Ј-end intron on the nascent RNAs in Chironomus tentans (Wieslander et al. 1996) , as well as the cotranscriptional recruitment of U1 sn-RNP (Kotovic et al. 2003 ) and the splicing factor Sub2 (Lei and Silver 2002a) in S. cerevisiae. In S. cerevisiae, the 3Ј-end processing factors are recruited by RNA Pol II near the promoter, suggesting that they are recruited during the early stages of transcription (Licatalosi et al. 2002; Ryan et al. 2002) . Interestingly, mutation of RNA15, another component of CFI, affects the recruitment of the mRNA export factor Yra1 to nascent RNAs (Lei and Silver 2002a) . Further underscoring the extensive coupling between transcription and mRNA export is the cotranscriptional recruitment of Npl3, Yra1, and components of the TREX complex (transcription/export; Lei et al. 2001; Strasser et al. 2002) . A yeast homolog of Aly, Yra1 belongs to a family of evolutionarily conserved hnRNP-like proteins (Stutz et al. 2000) . Unlike Npl3, both RNA Pol II transcription and other pre-mRNA processing events such as 3Ј-end formation must occur for proper Yra1 recruitment to take place (Lei and Silver 2002a) . Together, these lines of evidence support the idea that early recruitment of 3Ј-end processing factors and mRNA export factors to transcriptionally active genes facilitate the formation of proper mRNPs.
In this study, we demonstrate that Hmt1 is recruited to genes during transcription and that it functions to modulate protein-protein interactions within an mRNP in an RNA-dependent manner. We have used genomewide location analysis to identify the functional gene classes with which Hmt1 and its substrates associate. Additionally, we have determined the effect of Hmt1 on the chromatin-binding specificity of its substrates. Together, these results demonstrate how an arginine methyltransferase affects mRNP dynamics.
Results

Hmt1 is recruited to genes cotranscriptionally
We used chromatin immunoprecipitation (ChIP) of Hmt1 at the galactose-inducible GAL10 gene to demonstrate that, like many of its substrates, Hmt1 can be cotranscriptionally recruited to genes. For ChIP experiments, yeast cells expressing a Myc epitope-tagged version of Hmt1 were generated (see Materials and Methods) . This Myc-tagged Hmt1 was determined to be functional by its ability to methylate one of its substrates, Npl3 (data not shown).
To determine whether and where Hmt1 associates with the transcribed GAL10 gene, quantitative PCR was performed on immunoprecipitated DNA fragments using primer sets spanning the GAL10 coding region as well as the downstream intergenic region (Fig. 1, top) . Upon galactose induction, ␣-Myc antibodies immunoprecipitated a significant level of the 5Ј-end of GAL10 Figure 1 . Hmt1 is cotranscriptionally recruited to the GAL10 gene. Hmt1-Myc is cross-linked to the coding sequence of GAL10 in a transcription-dependent manner. ChIP was performed using either ␣-Myc or ␣-RPB3 on a strain containing Hmt1-Myc under galactose-inducible conditions. Both ␣-Myc and ␣-RPB3 immunoprecipitated chromatin fragments were subjected to quantitative PCR. (Top) The schematic representation of the GAL10 gene with primer sets used in quantitative PCR is shown. (Bottom) The quantitative PCR results from cells grown in both glucose (gray bar) and galactose (black bar) are shown in the bar graphs. The numbers under each graph correspond to the amplified sequence from the GAL10 gene by the specific primer sets indicated above. and central part of its coding sequence in comparison with cells grown in glucose (Fig. 1 , bottom left, cf. black and the gray bars). The amount of GAL10 from the central part of the ORF immunoprecipitated by ␣-Myc antibodies is slightly less than the 5Ј-end of the coding sequence under galactose induction, but still considerably more than cells grown in glucose (Fig. 1, bottom  left) . No significant level of Hmt1 occupancy was detected at the 3Ј-end of GAL10 or the intergenic region in either growth condition (Fig. 1, bottom left) . As a control to show that Hmt1 recruitment is not a function of polymerase occupancy, we performed the same experiment using ␣-Rpb3, a monoclonal antibody directed against a subunit of yeast RNA Pol II. Rpb3 was found to occupy the entire GAL10 gene with approximately equal levels. A high level of Rpb3 was also found to be present at the GAL10/7 intergenic region, consistent with previously published results (Greger and Proudfoot 1998) . These data indicate that Hmt1 is cotranscriptionally recruited to genes at the 5Ј-end and up to the middle of the coding region. The decreased Hmt1 occupancy at the 3Ј-coding sequence implies that Hmt1 is recruited during transcriptional initiation or early stages of transcriptional elongation.
Hmt1 methylates the mRNA export factor Yra1 and the 3Ј-processing factor Hrp1 in vivo
Comparison of the amino acid sequences of the RNAbinding protein Yra1 (Aly/REF in metazoans) across several species reveals a cluster of arginine and glycine residues in the N terminus region (data not shown). To examine whether Yra1 is arginine-methylated in yeast, we used the in vivo methylation assay (see Materials and Methods). In a strain that contains protein-A-tagged Yra1, immunoprecipitates from IgG-coupled sepharose beads included a single, major band that corresponds to methylated protein-A-tagged Yra1, as confirmed by immunoblotting with ␣-protein A antibody ( Fig. 2A, lanes  2,5) . Methylation of Yra1 is dependent on Hmt1 because protein-A-tagged Yra1 is no longer methylated in a strain that lacks Hmt1 ( Fig. 2A, lanes 3,6) . To determine if methylation of Yra1 is caused by the presence of the protein A tag, a resident ER protein Npl4 tagged with protein A was also tested. As expected, protein-A-tagged Npl4 is not methylated (Fig. 2A, lane 4) . As a positive control for the methylation assay, methylated Npl3 can be immunoprecipitated from extracts of both protein-Atagged Npl4 and Yra1 strains ( Fig. 2A, lanes 7,8) , but not from extracts in a strain that lacks Hmt1 (Fig. 2A , lane 9).
As it was previously shown to be a substrate of purified Hmt1 in vitro (Shen et al. 1998) , we examined whether Hrp1, a factor that participates in the 3Ј-end formation and polyadenylation (Kessler et al. 1997) , can be arginine-methylated by Hmt1 in vivo. Using a rabbit polyclonal antibody generated against Hrp1, we performed in vivo methylation assays in both wild-type and hmt1⌬ mutants. Immunoblotting of the immunoprecipitates using ␣-Hrp1 antibody showed approximately equal amounts of Hrp1 being immunoprecipitated from both HMT1 and hmt1⌬ strains (Fig. 2B, cf. lanes 1 and 2) . Visualization of the corresponding fluorograph reveals 
Hmt1 can modulate protein-protein interactions
The presence of Hmt1 at the promoter and the central region of a gene during transcription suggests that protein methylation could be involved in modulating protein complexes early in mRNP formation. To identify proteins that interact with Npl3 in a methylation-statedependent manner, a protein A Npl3 fusion protein (PrANpl3) was expressed in a strain that either contained a functional Hmt1 (HMT1) or lacked Hmt1 (hmt1⌬). Silver staining of proteins that copurified with PrA-Npl3 but not PrA alone was compared in both HMT1 and hmt1⌬ cells (Fig. 3A ). Although several bands with different degrees of intensity copurified with PrA-Npl3, the only reproducible differences were the bands that migrated at ∼60 kDa and 150-180 kDa in hmt1⌬. These interactions were reduced in HMT1 cells (Fig. 3A, lanes 1,3) . In addition, a 97-kDa band was observed in both HMT1 and hmt1⌬ cells (Fig. 3A, lanes 1,3) . Subsequent identification of the 97-kDa band by mass spectrometry yielded Cbp80, the largest subunit of mRNA cap-binding protein. Cbp80 and Npl3 have previously been shown to interact (Shen et al. 1998) .
Interestingly, the prominent 60-kDa band was identified as endogenous, untagged Npl3. It is possible that the increase in Npl3 observed in the hmt1⌬ strain was caused by an increased interaction of PrA-Npl3 with untagged, endogenous Npl3. Alternatively, there could be selective proteolytic clipping of the PrA-Npl3 in the hmt1⌬ strain. To address these two possibilities, PrANpl3 and Myc-tagged Npl3 were expressed in cells lacking endogenous Npl3. Proteins that copurified with PrANpl3 were analyzed by immunoblotting with polyclonal ␣-Myc antibody, which binds to the protein A domain of the fusion protein as well as to the Myc epitope (Fig. 3B) . The Npl3-Myc band migrating above 60 kDa was observed specifically in lanes containing both PrA-Npl3 and Npl3-Myc, demonstrating that these two proteins interact (Fig. 3B , lane 1). As with intact Npl3, the intensity of the Npl3-Myc band was also increased in the hmt1⌬ strain (Fig. 3B , cf. lanes 1 and 4). This interaction is RNA-independent as RNAse A treatment did not abolish the association between PrA-Npl3 and Npl3-Myc (data not shown). The minor bands migrating slightly lower than that of Npl3-Myc in lanes 2 and 5 in Figure 3B are degradation products of PrA-Npl3. Together, these data suggest that methylation of Npl3 modulates its selfassociation.
In addition to the prominent bands described above, one of the minor copurifying bands in the 150-180-kDa range was subsequently identified by mass spectrometry as Tho2, a component of the TREX complex. To confirm the role of Hmt1 in the biochemical association of Npl3 and Tho2, a nine-copy Myc tag was integrated at the 3Ј-end of the THO2 gene in a wild-type strain and then genetically crossed with an hmt1-null strain to create a Tho2-Myc hmt1⌬ strain. Immunoprecipitation using The immunoprecipitates from PrA-Npl3 and protein A alone (PrA) expressed either in HMT1 or hmt1⌬ cells were analyzed in the context of Npl3-Myc. Total lysate (see Materials and Methods) was resolved by 10% SDS-PAGE prior to immunoblotting using polyclonal anti-Myc antiserum. Both PrA-Npl3 and Npl3-Myc fusion proteins were recognized by the rabbit antiserum. The migration of the molecular mass marker is shown at left. (C) The interaction between Npl3 and Tho2 is increased in the absence of Hmt1. The genomic copy of THO2 in HMT1 and hmt1⌬ strains was tagged with a Myc sequence. Parental THO2 strains (PSY 867, PSY 865) and Tho2-Myc strains (PSY 3210, PSY 3211) were grown in YPD and lysed, and Tho2-Myc was immunoprecipitated from equivalent amounts of lysate by incubation with ␣-Myc-conjugated beads. Samples were subsequently divided and treated (+) or not treated (−) with RNase A for 20 min at 25°C. The proteins isolated were loaded in equal amounts and resolved by 7% SDS-PAGE. Tho2-Myc and Npl3 were detected by probing the top of the blot with ␣-Myc antibody and the bottom of the blot with ␣-Npl3, respectively. The inputs (lanes 1,3,5,7) and supernatants post IP (lanes 2,4,6,8) are shown.
Arginine methyltransferase and mRNP dynamics ␣-Myc antibodies on the extracts of untagged and Myctagged Tho2 strains was followed by immunoblotting with ␣-Myc and ␣-Npl3 antibodies (Fig. 3C ). In the absence of Hmt1, the interaction between Npl3 and Tho2 increased (Fig. 3C , cf. lanes 9 and 11). This interaction is RNA-dependent because treatment with RNAse A abolishes the increased association (Fig. 3C, cf. lanes 10 and  12) . Because the amino acid sequence of Tho2 contains possible sites of arginine methylation, we performed an in vivo methylation assay and found that Tho2 can also be methylated (data not shown). However, we were not able to determine whether this methylation is dependent on Hmt1 because the signal for methylated Tho2 is faint.
Loss of Hmt1 affects the kinetics of HSP104 mRNA production
It is possible that biochemical association between Npl3 and Tho2 in the absence of Hmt1 affects the subsequent recruitment of mRNA-processing factors and thereby results in the improper release of transcripts from the site of transcription or release of the proteins from the transcripts. To address this, we examined the fate of a heatshock protein transcript, Hsp104. It was previously shown that a block of mRNA nuclear export leads to the retention of transcripts at the site of transcription and that this accumulation can be visualized as a "nuclear dot" using mRNA fluorescent in situ hybridization (FISH) analysis with a transcript-specific probe (Jensen et al. 2001) . We therefore used this assay to examine the kinetics of HSP104 mRNA production in hmt1⌬ cells. Using a Cy3-conjugated oligonucleotide probe against the 5Ј-end of HSP104 mRNA, the appearance of a "nuclear dot" is detectable in both wild-type and hmt1⌬ cells 5 min after a temperature shift from 25°C to 42°C (data not shown). In wild-type cells, the percentage of cells with a "nuclear dot" peaks at 15 min (Fig. 4 , HSP104 panel of wild-type cells, 15 min at 42°C). The population with a "nuclear dot" gradually decreased with longer incubation at 42°C (Fig. 4, HSP104 panel of wild-type cells, 30 and 60 min at 42°C).
The percentage of hmt1⌬ cells with a "nuclear dot" after a 15-min temperature shift is similar to wild-type cells (Fig. 4, HSP104 panel of hmt1⌬ cells, 15 min at 42°C). However, in contrast to wild-type cells, the percentage of hmt1⌬ cells with a "nuclear dot" did not decrease with longer incubation at 42°C (Fig. 4, HSP104 panel of hmt1⌬ cells, 30 and 60 min at 42°C). As a posi- Figure 4 . Cells harboring hmt1⌬ retain HSP104 transcript localization with time. Localization of HSP104 mRNAs at intranuclear foci after temperature shift is visualized as a "nuclear dot" in a cell. FISH analysis using Cy3-labeled oligonucleotides (THJ361) against the 5Ј-end of the HSP104 transcript was performed on cultures grown at 25°C or temperature-shifted to 42°C for times indicated. mex67-5 was used as a positive control for this experiment. The percentage of cells observed with a "nuclear dot" is denoted in the upper corner of the HSP104 panel.
tive control, the same experiment was performed in mex67-5 cells; these cells exhibited a strong nuclear retention phenotype, as described previously (Fig. 4 , mex67-5 panels; Jensen et al. 2001) . Thus, the mRNA-FISH analysis demonstrates that Hmt1 influences the kinetics of HSP104 transcript production.
Hmt1 is recruited to highly transcribed genes
Because Hmt1 can be cotranscriptionally recruited to genes, we sought to determine which genes are associated with Hmt1 to better understand its role in gene regulation. To this end, we used genome-wide location analysis to determine the occupancy profile for Hmt1. This approach reflects the association of a specific protein with genes through the combination of ChIP and full-length cDNA microarray analysis (Ren et al. 2000; Iyer et al. 2001) . With this method, the genome-wide occupancy is surmised for each array spot as a ratio expressed as the fluorophore intensity from the chromatin fragments enriched by immunoprecipitation (IP) over the fluorophore intensity from unenriched chromatin fragments (Input). The final confidence value (P-value) for each spot from a combined set of three arrays was calculated using an error model provided by the Rosetta Resolver (see Materials and Methods). Spots that had both a P-value threshold of 0.02 and a ratio intensity >1.0 were included in the final data set (see Supplemental Material) and used to identify statistically significant gene classes as listed in the Yeast Proteome Database and the Gene Ontology Consortium (Ashburner et al. 2000) for S. cerevisiae (Berriz et al. 2003) .
As shown in Figure 5A , genomic occupancy of Hmt1 correlates with transcriptional frequency (Holstege et al. 1998) , suggesting that Hmt1 is recruited to actively transcribed genes. When the data were examined for enrichment of particular gene classes, we found that Hmt1 is bound to genes involved in a variety of functions, including general protein synthesis, metabolic and catabolic pathways, creation and maintenance of cell wall, and glycolysis (Fig. 5A ). Because many of the glycolysis and ribosomal protein gene classes constitute some of the most highly transcribed genes in yeast, this supports the observed transcriptional bias seen in Figure 5A .
Effect of Hmt1 on genome-wide binding of its substrates
To understand the interplay between Hmt1 and components of the mRNP, we extended the genome-wide location analysis approach to determine how Hmt1 affects mRNP formation. We therefore compared the genomewide location profiles of mRNP components in wildtype (HMT1) versus Hmt1-null (hmt1⌬) cells. To ensure that any genome-wide occupancy changes observed are not caused by the difference in the gene expression profile resulting from the loss of Hmt1, we compared the gene expression profiles from both wild-type and hmt1⌬ cells (Fig. 5B) . We found that the absence of Hmt1 did not greatly impact gene expression levels as only 64 genes had levels that changed twofold or more (Fig. 5B) . Thus, any changes we observed in the genome-wide binding studies are independent of changes in gene expression when HMT1 is deleted.
For each comparison of protein occupancy, we generated a scatterplot representing all protein-bound genes and their degree of occupancies in both backgrounds. In both Npl3 and Tho2, only a slight change in the occupancy is observed as evidenced by the clustering of the majority of spots within the gray circle (Fig. 6A,B) . Absence of Hmt1 causes minor changes in the genes bound by Yra1 and Nab2, as demonstrated by a greater degree of scattered datapoints away from the center (Fig. 6C,E) . The absence of HMT1 had the most profound effect on Hrp1 genomic occupancy (Fig. 6D) ; many Hrp1-bound genes are shifted from a low degree of binding in the HMT1 background to a high degree of binding in the hmt1⌬ cells and vice versa (Fig. 6D, purple spots) .
We next determined the enrichment of gene functional groups bound by these mRNP components. In each case, we found that the top bound populations are enriched for the same gene classes as Hmt1 (Figs. 5A, 6 ). Npl3 and Tho2, for example, are recruited to genes involved in protein synthesis such as genes involved in ribosome biogenesis (Fig. 6A,B) . There are minor changes in Yra1-bound gene classes as a result of Hmt1 deletion (Fig. 6C) . Nevertheless, genes involved in cell wall biosynthesis, a highly enriched gene class bound by Yra1, is also bound by Hmt1 (Figs. 5A, 6C) . In hmt1⌬ cells, Nab2 is recruited to several new gene classes in addition to the ones observed in the wild-type cells such as genes encoding oxidoreductases (Fig. 6E, underlined gene groups) . Hrp1 no longer binds to genes involved in the ribonucleoprotein complex and rRNA-processing pathway in the hmt1⌬ cells (Fig. 6D, underlined gene classes) . When we compared the average transcriptional frequency of a gene with the degree of binding, we found that the loss of Hmt1 did not significantly alter the degree of correlation between occupancy and transcriptional frequency for all substrates examined (Fig. 6 , cf. solid and dotted lines in all right panels). . Effects of Hmt1 on genome-wide localization profiles of its substrates. Genome-wide location analysis is used to determine whether recruitment of Hmt1 substrates is influenced by the absence of Hmt1 expression. The scatterplot represents the degree of occupancy by Npl3 (A), Tho2 (B), Yra1 (C), Hrp1 (D), and Nab2 (E) in the hmt1⌬ strain (vertical axis) versus the occupancy in the HMT1 strain (horizontal axis). (F) The degree of occupancy by Hrp1 in the hmt1G68R mutant versus the HMT1 strain. The scale on each axis represents the degree of protein binding in a specific genetic background, wherein the scale of 0.0 to 1.0 represents the degree bound and 0.0 to −1.0 represents the degree unbound for any given gene. Blue spots represent the proteinbound genes unchanged in the degree of occupancy in both strains independent of that of the defined P-value. The red spots represent genes bound by the protein in the hmt1⌬ or hmt1G68R cells, whereas the green spots are ones bound in the HMT1 cells whose calculated P-value is <0.02. The purple spots represent protein-bound genes with anticorrelated properties (i.e., bound in one background but not bound in the other background). The olive spots represent protein-bound genes in both backgrounds whose calculated P-value is <0.02. Lastly, the distance a gene spot deviates away from the center reflects the degree of change in the occupancy. Gene spots within the gray circle represent insignificant changes of occupancy in both backgrounds. In order for a gene spot to be considered as having a significant positive change (i.e., high degree of occupancy by a protein in the absence of Hmt1), it must possess a P-value of <0.02 in both HMT1 and hmt1⌬/hmt1G68R. In addition, the ratio of IP/Input must have a positive change of greater than twofold in the hmt1⌬/hmt1G68R cells as well as a negative change of greater than twofold in the HMT1 cells. The effect of Hmt1 on the distribution of its substrates across the genome is plotted next to the scatterplot. The average transcription frequency of genes bound by the studied protein versus the degree of binding is plotted as a solid (in wildtype cells) or dotted (in hmt1⌬ cells) line. A partial list of enriched functional gene classes is displayed next to the plot. Functional gene classes that are changed between wild-type and hmt1⌬ cells are underlined and italicized.
To determine whether the changes in genomic occupancy are a result of methylation by Hmt1, we examined the genome-wide binding of Hrp1 in a previously characterized catalytic mutant of HMT1, hmt1G68R (McBride et al. 2000) . Interestingly, the scatterplot indicated that the degree of change in Hrp1 binding as a result of hmt1G68R is less dramatic than in hmt1⌬ cells (Fig. 6F) . Nevertheless, some of the gene functional groups bound by Hrp1 in the wild type are lost in the hmt1G68R, such as genes involved in oxidoreductase and gluconeogenesis. The presence of Hmt1 catalytic point mutation thus appears to influence the genomic interaction of Hrp1, albeit to a less extent than the null mutation. This is consistent with hmt1G68R mutants not having a complete loss of function (see Discussion).
Similar to hmt1⌬ cells, the hmt1G68R mutation did not significantly alter genome-wide transcription levels ( Fig. 6G ) and thus does not contribute to the degree of changes observed in the Hrp1-bound population. Together, these data support a role for Hmt1 in cotranscriptional recruitment of mRNP components to ensure proper association with their genomic targets.
Validation of genome-wide binding analysis
To validate the results of our genomic-binding studies, we performed directed ChIP on genes bound either by Hrp1 or Npl3 in both wild-type and hmt1⌬ cells. In each case, we chose genes from the genome-wide data that show either different or equal binding, but with equal expression level, between wild-type and hmt1⌬ cells. For Npl3, YBR078W displayed almost equal occupancy by Npl3 (Fig. 7, YBR078W panel) , whereas binding to CPR1 is decreased in the wild-type cells when compared with hmt1⌬ cells (Fig. 7, CPR1 panel) . In contrast, Npl3 occupancy of SMD2 is higher in hmt1⌬ cells (Fig. 7, SMD2  panel) . All three results concur with the genome-wide analysis data.
Hrp1 showed unchanged binding to DUO1, increased binding to MGT1, and decreased binding to YNL129W in hmt1⌬ cells (Fig. 7, bottom panels) . This is also in agreement with the genomic-binding data. Thus, we have demonstrated that the degree of binding determined using our genome-wide approach is recapitulated in directed studies.
Discussion
Although protein arginine methylation was first discovered more than 30 years ago, much remains unknown with respect to the substrates as well as the mechanism by which these enzymes influence their substrates' functions. In this study, we present evidence regarding the role of the arginine methyltransferase Hmt1 in defining the architecture of mRNP complexes by modulating the interactions among mRNA processing factors and with the RNA substrate. Using a ChIP assay, we have shown that Hmt1 is cotranscriptionally recruited to genes with a preference toward the 5Ј-coding region. By characterizing the composition of Npl3 immunoprecipitates from both HMT1 and hmt1⌬ cells, we have identified an RNA-dependent association between Npl3 and the TREX component Tho2 that is affected by Hmt1. Further supporting the hypothesis that Hmt1 affects proper mRNP formation, we also show aberrant association of Npl3 with itself in the absence of Hmt1. This supports the observation that loss of Hmt1 affects the kinetics of heat shock message production. Using a genome-wide localization approach, we determined the functional gene classes bound by Hmt1 as well as its substrates. Interestingly, genome-wide binding profiles are changed for Hrp1 and Nab2 in the absence of Hmt1.
Arginine methylation is generally thought to affect the function of its substrates by modulating interactions with other proteins. PRMT1, the mammalian homolog of Hmt1, has been shown to regulate transcriptional elongation by interacting with Spt5, a transcriptional elongation factor (Kwak et al. 2003) . Association between Spt5 and RNA Pol II is altered in nonmethylated Spt5 mutants (Kwak et al. 2003) . Recently, recruitment of histone H4-specific methyltransferase activity has been attributed to an interaction between PRMT1 and transcription factor Ying Yang 1 (YY1; Rezai-Zadeh et al. 2003) . The degree of arginine methylation is proportional to the extent of the interaction between YY1 and PRMT1 (Rezai-Zadeh et al. 2003) . These reports place arginine methyltransferases at sites of transcription. We find that Hmt1 may operate on its substrates during transcription as we show Hmt1 is recruited to the transcriptionally active GAL10 gene. Using a more detailed ChIP analysis, we further resolve Hmt1 recruitment to the promoter and the central region rather than the 3Ј-end of the gene.
Hmt1 associates with genes at the beginning of transcriptional elongation. However, Hmt1 most likely does not affect transcriptional initiation, because similar numbers of wild-type and hmt1⌬ cells with HSP104 nuclear signal are present 15 min after heat shock. The kinetics of wild-type HSP104 message production is reflected by a gradual decrease in the number of cells with HSP104 nuclear signal between 15 min and 30 min after heat shock. Indeed, the HSP104 message level peaks at 30 min postshift (Halladay and Craig 1995) . Because the heat-shock response is robust and the polymerase must be cleared from the gene prior to additional rounds of transcription, the increased number of hmt1⌬ cells with HSP104 nuclear signal 30 min after temperature shift demonstrates a change in the kinetics of HSP104 message production in the hmt1⌬ cells. Null mutants of Hmt1 have no obvious defect in mRNA processing and export (Shen et al. 1998) . Thus, the change in the kinetics of HSP104 message biosynthesis observed in hmt1⌬ cells could be caused by a perturbation of transcriptional elongation brought about by a failure of mRNA export and transcriptional elongation factors to dissociate.
Many of the Hmt1 substrates are recruited to the same functional gene classes as Hmt1. Both Hrp1 and Nab2 exhibited significant changes in their genomic occupancy in the absence of Hmt1. One possible explanation for this effect is the increase in the level of Hrp1 and Nab2 in the nucleus, because Hmt1 has been previously shown to affect the nuclear export of Hrp1 and Nab2 (Shen et al. 1998; Green et al. 2002) . However, the absence of Hmt1 had much less of an impact on the genomic binding of Npl3 and nuclear export of Npl3 is also inhibited in hmt1⌬ cells. Because arginine methylation has previously been shown to modulate the biochemical properties of RNA-binding proteins (Denman 2002) , it is also possible that change in the genome-wide recruitment of Nab2 and Hrp1 in Hmt1-null cells is caused by altered RNA-binding affinity. This is unlikely in the case of Hrp1, however, because we have previously shown that methylation does not affect the ability of Hrp1 to bind RNA (Valentini et al. 1999) .
To determine whether methylation is responsible for the change in the Hrp1-binding profile, we repeated the analysis using a catalytic mutant of Hmt1, hmt1G68R. The results revealed only nominal changes in the Hrp1 binding in the presence of the catalytic mutation. One explanation for the difference observed in the null versus the point-mutant is that hmt1G68R is not completely catalytically inactive and that trace amounts of methyltransferase activity are sufficient for proper Hrp1 recruitment. This view is supported by the observation that hmt1G68R on a high-copy plasmid can suppress the synthetic lethality between hmt1⌬ and npl3-1 (A.E. McBride and P.A. Silver, unpubl.). Alternatively, Hmt1 may have a role in mediating protein-protein interaction within an mRNP independent of its catalytic functions.
Because Hrp1 and Nab2 occupancies display a similar correlation to transcriptional frequency as Yra1, this suggests that RNA Pol II transcription events may not be sufficient for the recruitment of Hrp1 and Nab2. Consistent with this notion is the previous report that RNA Pol II transcription is not sufficient for the cotranscriptional recruitment of Yra1 to mRNA (Lei and Silver 2002a) . Nevertheless, other studies have implicated stable mRNP formation as a reason for the recruitment of Yra1 with transcribed genes (Libri et al. 2002; Zenklusen et al. 2002) .
One of the underlying benefits of our genome-wide approach is the ability to formulate additional hypotheses regarding the physiological significance of Hmt1. In the case of Npl3 and Yra1, loss of Hmt1 results in the binding of these proteins to genes involved in the general stress response such as nitrogen starvation. This points to the potential role for Hmt1 in the regulation of stress response. Additionally, loss of Hrp1 binding to genes involved in rRNA-processing pathways in the absence of Hmt1 suggests that Hmt1 plays a role in these processes as well.
Taken together, our data support a model in which Hmt1 influences the binding of its hnRNP substrates. Hmt1 associates with a transcribed gene at the beginning of transcription initiation/elongation, and this association is important for the subsequent mRNP formation as loss of Hmt1 disrupts proper dissociation between the mRNA export factor Npl3 and the transcriptional elongation factor Tho2. This failed dissociation may be the reason for the altered kinetics observed in HSP104 message production. Additionally, the failed dissociation between Npl3 and Tho2 may create an unstable mRNP that influences the recruitment of 3Ј-end RNA-processing factors Hrp1, Nab2, and Yra1. Thus, a protein methyltransferase affects the dynamics of mRNP formation by modulating protein-protein interactions and influencing the genomic recruitment of certain substrates.
Materials and methods
Yeast strains and genetic manipulations
Standard yeast methods and media were used (Guthrie and Fink 1991) . Strains used in this study include PSY 2156 (MATa, ade2-1, can1-100, his3-11,15, leu2-3,112, trp1-1, ura3), PSY 2881 (MATa, hmt1-9xMycϻTRP, ade2-1, can1-100, his3-11,15, leu2-3,112, trp1-1, ura3), PSY 865 (MAT␣, hmt1ϻ HIS3, ade2, his3, leu2, lys1, ura3), PSY 867 (MATa, ade2, his3, leu2, lys1, ura3), PSY 3210 (MATa, tho2-9xMycϻTRP, his3-11,15, leu2-3,112, lys1, trp1-1, ura3), PSY 3211 (MAT␣, hmt1ϻHIS3, tho2-9xMycϻTRP, lys1, ura3), PSY 2673 . PSY 3272 (MAT␣, ura3, hmt1G68RϻHIS3:LEU2), PSY 3273 (MATa, ura3, 15, 112) . C-terminal tagging with either nine copies of the Myc tag or three copies of the HA tag was de-scribed in either Longtine et al. (1998; PSY 3212 and PSY 3213) or Knop et al. (1999; PSY 2881, PSY 3210, PSY 3211) .
ChIPs
ChIPs in biological duplicates were performed as previously described (Lei and Silver 2002a) . For the immunoprecipitations, monoclonal ␣-Myc (9E11; Santa Cruz) or monoclonal ␣-HA (12CA5; Santa Cruz) antibody was precoupled to protein A sepharose beads for each immunoprecipitation, followed by extensive washing. In the case of RPB3, monoclonal ␣-RPB3 (catalog #W0012; Neoclone) antibody was precoupled to protein G sepharose beads. Immunoblotting was performed to confirm consistent protein levels and IP efficiency in each experiment. For galactose induction, galactose was added to raffinose cultures to a final concentration of 2%, and cultures were induced for 30 min prior to the harvest of cells.
In vivo methylation assays
Cells (15-20 mL) were grown to a density of 1 × 10 7 cells per mL at 30°C in minimal media (2% glucose) supplemented with either all amino acids or lacking uracil, if plasmid selection was required. Cyclohexamide and chloramphenicol were then added to a final concentration of 100 µg/mL and 40 µg/mL, respectively, for 15 min at 30°C. Following this incubation, cells were washed twice in minimal media (2% glucose) lacking either methionine or methionine and uracil in the presence of protein synthesis inhibitors. Cells were then resuspended in the same media supplemented with 150 µCi/mL of [ 3 H]-methionine (Amersham) for 90 min at 30°C. Following two washes in phosphate buffer saline (PBS), cells were lysed in cold RIPA buffer with 600 mM NaCl. Protein extracts were then subjected to immunoprecipitation using either a polyclonal ␣-Myc (A-14; Santa Cruz), an affinity-purified rabbit polyclonal ␣-Hrp1, an affinity-purified rabbit polyclonal ␣-Npl3 (Bossie and Silver 1992), or IgGSepharose (Amersham). After extensive washing in lysis buffer, immunoprecipitates were resolved by SDS-PAGE followed by either Coomassie staining and fluorography or immunoblot analysis. ␣-Hrp1 antibody was generated as described previously (Bossie and Silver 1992) .
Npl3 interaction studies
Strains containing either pPS2389 or vector plasmid (Hellmuth et al. 1998 ) only were grown in synthetic dropout media to mid-log phase and lysed with glass beads as described previously (McBride et al. 2000) . For initial identification of Npl3-binding proteins, cells were lysed in PBSM buffer (137 mM NaCl/1.76 mM KH 2 PO 4 /5.4 mM Na 2 HPO 4 /5.7 mM KCl/2.5 mM MgCl 2 at pH 7.2) supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride and 2.5 µg/mL each leupeptin, chymostatin, antipain, pepstatin A, and aprotinin).
Lysates were normalized for total protein and the protein ANpl3 fusion protein was purified by 1-2 h of incubation at 4°C with 25 µL packed volume of IgG sepharose beads that had been prepared as described previously (Siniossoglou et al. 1998) . Beads were washed five times with 1 mL of lysis buffer prior to an ammonium acetate (5 mM at pH 5.0) wash and acetic acid (0.5 M at pH 3.4) elution. Following precipitation with 12.5% trichloroacetic acid, protein samples were dried, resuspended in protein sample buffer, and resolved by 10% SDS-PAGE. Proteins were visualized either by silver-staining (Shen et al. 1998) or by immunoblotting with a polyclonal ␣-Myc antiserum (A-14; Santa Cruz) followed by enhanced chemiluminesence detection (Amersham). For RNAase experiments, lysates were treated with 8.7 µg/mL RNAase A prior to the addition of IgGsepharose. Mass spectrometry was performed by the Molecular Biology Core Facilities Group at the Dana-Farber Cancer Institute.
Tho2-Myc immunoprecipitation
The Tho2-Myc (PSY 3210, PSY 3211) and parental strains (PSY 867, PSY 865) were grown to mid-log phase, and cells were lysed with glass beads in PBSM buffer supplemented with 0.1% Triton X-100 and protease inhibitors (as above) according to published protocols (McBride et al. 2000) . Lysates were normalized to 6 mg/mL and incubated with 35 µL of agarose-conjugated ␣-Myc antibody (12CA5; Santa Cruz, sc-40) for 2 h at 4°C with rotation. Beads were washed five times with 1 mL of lysis buffer and divided in half, and aliquots were incubated in PBSM with or without 25 µg/mL RNAse A for 20 min at 25°C. After washing once with lysis buffer and once with PBSM, bound proteins were eluted by boiling in SDS-PAGE sample buffer, resolved by 10% SDS-PAGE, and transferred to nitrocellulose. The upper section of the blot was probed with a polyclonal ␣-Myc antibody (1:2000), the lower section of the blot was probed with a polyclonal ␣-Npl3 antiserum (1:5000; Bossie and Silver 1992), and proteins were visualized by enhanced chemiluminescence.
RNA-FISH hybridization analysis
Yeast cells were grown in YPD at 25°C to an O.D. 600 of 0.1. Cultures were shifted by diluting with an equal volume of 59°C prewarmed media for a temperature shift to 42°C. Cells were harvested at different time points after the temperature shift and RNA-FISH analysis was carried out essentially as described (Jensen et al. 2001 ) using Cy3-conjugated oligonucleotide THJ361 (kind gift from T. Jensen, Aarhaus University, Aarhaus, Denmark). At least 100 cells were counted to calculate the percentage of cells with a nuclear dot.
Genome-wide localization studies
Genome-wide localization studies were performed essentially as described (Casolari et al. 2004 ). All the experiments were performed in triplicates. Immunoprecipitation was performed as described previously (Casolari et al. 2004 ) using either panmouse IgG or pan-rabbit IgG Dynal beads (Dynal Co.) . In all of the immunoprecipitations, antibody was preincubated with the beads in 1× PBS/5 mg/mL BSA for a minimal of 2 h. For Myctagged strains, 10 µL of 9E11 was used. For the HA-tagged strain, 20 µL of 12CA5 was used. For Npl3, 10 µL of rabbit polyclonal ␣-Npl3 antibody was used. For Hrp1, 20 µL of rabbit polyclonal ␣-Hrp1 antibody was used. For Nab2, 3 µL of mouse monoclonal ␣-Nab2 antibody was used (kind gift from M. Swanson, University of Florida, Gainesville).
Cy3-and Cy5-labeled probes were prepared by linker-mediated PCR of the immunoprecipitated templates and sonicated genomic DNA fragments present in the starting chromatin. Two-color competitive hybridization experiments with S. cerevisiae cDNA microarrays (University Health Networks at Toronto) were performed essentially as described (Ren et al. 2000) and followed the manufacturer's recommendations. An Axon Genepix 4000B scanner and accompanying software were used for scanning microarrays and quantitating the fluorescence intensities before being uploaded into the Rosetta Resolver microarray analysis platform. Of the three arrays used in a single experiment, the fluorophore incorporation for one of the arrays was reversed. For data analysis, only the gene spots with P-value <0.02 and the IP/input ratio >1.0 were selected for comparison.
Genome-wide expression profiling studies
The total cDNA was prepared from PSY 865 and PSY 867 as described previously (Casolari et al. 2004 ). Equal amounts of total cDNA (1 µg) prepared from each strain were subjected to Cy3/Cy5 incorporation using the BioPrime Kit (Invitrogen). This was followed by a two-color competitive hybridization experiments with S. cerevisiae cDNA microarrays (University Health Networks at Toronto) as described above.
GenePix error model
GenePix .GPR files were processed in the Rosetta Resolver Gene Expression Data Analysis system. Processing in this system consists of error correction and calculation of a P-value of differential expression using the intensity-error estimation from the .GPR file. Error correction consists of a simplified version of the algorithm described previously in which a piecewise linear function replaces smoothing splines to fit and correct intensity nonlinearity (Schadt et al. 2001 ). Calculation of P-values consists of a statistic that combines additive and multiplicative error components in both channels of a two-colored experiment. The resulting ratio profiles (i.e., two-channel, error processed microarray scans) were combined into ratio experiments in the Resolver system as described (Stoughton and Dai 2002) .
